. Knockin mice with a mutated neurotransmitter release (Katz and Miledi, 1967) 
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, and truncated in syt AD1 due to the deletion of the C2B domain. Immunoreactivity for the SNARE proteins synaptobrevin and syntaxin, as well as the glutamate receptor GluRIIA, is not reduced in the syt mutants. Precise quantification of the levels of the truncated AD1 protein is difficult, as the antibody we made against Drosophila synaptotagmin (DSYT2) was generated against a recombinant protein containing both the C2A and C2B domains (Littleton et al., 1993a . The latencies of synaptic currents within 1 s following nerve stimulation were measured and plotted (100 stimuli for each cell). Results from each animal were averaged and presented as the number of events/per stimulation in 10 ms bins. The value is slightly greater than 1 in wild-type as two release events from a single stimuli were occasionally observed. The small number of random asynchronous events in wild-type are due to spontaneous neural firing originating from the intact CNS as they are large amplitude events. Traces containing spontaneous bursting activity originating from the CNS were excluded from the analysis. Spontaneous CNS activity is abolished in syt mutants due to the dramatic reduction in neurotransmission. Latency measurements for all alleles in 4 mM Ca 2ϩ are shown. The small number of release events in the first 10 ms bin for the syt null largely reflect events occurring after the first 6 ms, as normal release in the first few ms was rarely observed. A predicted model for synaptotagmin's structure (based on the crystal structure of synaptotagmin III) in each of the three mutants is indicated above. The ␣ helix represents the predicted transmembrane domain. The numbers of animals analyzed for each data point are syt ϩ (4), syt AD3 (5), syt AD1 (10), and syt AD4 (7).
but it is properly localized to synapses, suggesting the ual delayed release that is not observed in controls (Figures 2D and 3A) . Asynchronous release in syt AD4 mutants C2B domain is not required for synaptic targeting of synaptotagmin ( Figure 1C ). The reduced staining in syt AD1 can following an action potential is clearly distinct from spontaneous fusion events (minis), as mini frequency is be attributed in part to the loss of missing epitopes in the C2B domain, as the polyclonal anti-synaptotagmin less than 0.01 Hz at these synapses ( Figure 6A ). Delayed release is rarely observed in wild-type, indicating that antibody was made to both C2 domains (Littleton et al., 1993a) . syt mutants did not affect neuronal pathfinding synaptotagmin I functions to suppress asynchronous release and trigger rapid and transient fusion signals or synaptic morphology, ruling out a developmental role for synaptotagmin. In addition, Western analysis demthat contribute to the high temporal resolution of synaptic transmission (Figure 2 ). The absence of asynchroonstrated that the mutants did not reduce the levels of the SNARE proteins syntaxin or synaptobrevin, or the nous release in wild-type animals is not due to vesicle depletion following an action potential, as wild-type synpostsynaptic glutamate receptor GluRIIA ( Figure 1A ). The distribution of synaptobrevin at synapses was also apses can continue to release neurotransmitter during stimulation frequencies as high as 50 Hz (data not normal in syt mutants ( Figure 1B) .
To assess the physiological consequences of disshown), as well as during high K ϩ -or Ca 2ϩ -ionophoreinduced release ( Figures 6B and 6C ). The population rupting synaptotagmin, we measured synaptic currents arising from activation of neuromuscular junctions on time constant for delayed release latencies measured over many stimulation trials in syt AD4 was calculated from muscle fiber 6 in mature Drosophila embryos. At this stage of development, the neuromuscular junctions on exponential fitting and is 115 ms, in dramatic contrast to the less than 6 ms time constant measured for synmuscle fibers 6 and 7 contain approximately 8.5 Ϯ 1. served molecular mechanism for asynchronous release. (Figure 3 ) indicates that the presence of the C2A domain alone is able to suppress some, though not all, of the The shape of the postsynaptic response to delayed release is identical to that elicited from synchronous reasynchronous release that is observed in the null mutant. Although the absolute number of asynchronous lease in wild-type, suggesting that once the fusion pore is triggered to open, fusion kinetics are identical with release events is reduced in AD1, the time constant for the remaining delayed release events is unchanged. or without synaptotagmin. Thus, synaptotagmin is required to rapidly trigger vesicle fusion in response to Thus, both the synchronous and asynchronous phases of release coexist in the AD1 mutant. Whereas asynchroCa 2ϩ entry, while suppressing asynchronous release. This contrasts with mutations in the t-SNARE syntaxin, nous release is still present in syt
AD1
, no asynchronous release was detected in syt AD3 ( Figure 2B ). Given the which abolish both synchronous and asynchronous release (Schulze et al., 1995), suggesting the SNARE comunderlying biochemical defects in the AD1 and AD3 mutant proteins, the triggering of synchronous release and plex is required for both vesicle fusion pathways. Our analysis identifies two distinct phases of neurotransmitthe suppression of asynchronous fusion events likely require synaptotagmin to engage both SNAREs and ter release at Drosophila synapses-a fast component completed within a few milliseconds, and a second phospholipids during elevated Ca 2ϩ transients, but do not require Ca 2ϩ -dependent conformational changes in phase of asynchronous release that has a decay time constant of 115 ms. C2B required for oligomerization. We next compared the properties of synchronous reGiven that only asynchronous fusion is present in the complete absence of synaptotagmin, we examined parlease remaining in syt AD1 and syt
AD3
. As shown in Figure  4, 
1994), the lack of detectable delayed release at wildconditions in the null mutant with release in syt AD3
, which has a normal vesicle pool size as assayed by hypertonic type synapses indicates a suppression of this release mechanism by synaptotagmin I. It is known that presynstimulation and shows no asynchronous fusion. As shown in Figure 6B, that the recycling pathway remaining in syt mutants is signal during an action potential and prevent further release that is asynchronous to the initial Ca 2ϩ spike. capable of robustly resupplying the readily releasable vesicle pool.
To further characterize the suppression of the asynDiscussion chronous release mechanism by synaptotagmin, we examined release properties in syt AD4 and syt AD3 in preparaOur results provide convincing evidence that synaptotagmin is the major low-affinity Ca 2ϩ sensor at synapses tions where we triggered sustained elevated Ca proteins. Though facilitation is important for short-term Although it is still unclear exactly how these dominantsynaptic plasticity, asynchronous release is extremely negative phenotypes are manifested biochemically, deleterious for normal synaptic transmission. The sup-TEM studies indicate an abundance of docked vesicles pression of asynchronous release by synaptotagmin is in these mutants, suggesting that Ca 2ϩ binding to the critical for providing the temporal resolution of synaptic C2B domain has a post-docking role in release. Altransmission. These properties make synaptotagmin I though both our results and those of Mackler et al. (2002) an efficient Ca 2ϩ sensor that generates the high signalsupport an essential post-docking role for synaptotagto-noise ratio of neurotransmitter release that is required min as the fast Ca 2ϩ sensor, we cannot rule out that for brain function. there may be subtle defects in endocytosis and vesicle docking. TEM analysis has revealed an overall decrease 
